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We report on the investigation and implementation of a lumped-component, radio-frequency resonator used
in a cryogenic vacuum environment to drive an ion trap. The resonator was required to achieve the voltages
necessary to trap (∼ 100V), while dissipating as little power as possible (<∼ 250mW). Ultimately a voltage
gain of 100 was measured at 5.7 K. Single 40Ca+ ions were confined in a trap driven by this device, providing
proof of successful resonator operation at low temperature.
I. INTRODUCTION
In the last decade trapped ions have proved to be a
suitable system to perform quantum computation (QC)
and quantum information processing (QIP)1. Proof-
of-principle demonstrations of several algorithms were
performed2–5, though the complete control of a large
number of qubits is still an outstanding challenge6,7. One
proposed way to scale-up the number of qubits, is the use
of a multiplexed array of small traps, with segmented DC
electrodes used to shuttle ions from the memory region to
the processing region8,9. A reasonable way to build these
arrays of traps is using planar surface traps10,11, which
can benefit from photolithographic techniques to achieve
miniaturization to micrometer feature sizes. However,
as the ion-electrode distance is reduced, ion heating be-
comes significant12. This can be mitigated to some extent
by operating at cryogenic temperatures13.
Despite great progress in the miniaturization of ion-
traps, little has changed regarding the trap-drive elec-
tronics. In order to limit Joule dissipation and RF
crosstalk, the relatively high radio-frequency voltages
necessary for trapping, typically around a hundred volts,
can not be applied through long cables in the cryostat
(see Fig. 1(a)). At the same time it is not possible to
shorten the cables, since the thermal load from the room
temperature part would be too big. The ideal solution is
to send a small amount of RF power through the (long)
cables, and amplify the voltage with a resonator as close
as possible to the trap. The common choice adopted
for ion trapping is the use of bulky helical resonators14,
which can also be operated at cryogenic temperatures15.
In this work the resonators are scaled to much smaller
sizes and made using lumped components, namely series
RLC resonators. These circuits are naturally compact,
and the small volume makes them suitable for the use in
a cryostat, or when several resonators should be used to
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Figure 1. (a) Complete schematic of the trap-driving elec-
tronics. The approximate temperatures in each stage are also
shown. (b) Detailed schematic of the resonator and of the
auxiliary electronics. The radio-frequency source is a com-
mercial function generator. The matched RLC resonator pro-
vides the necessary voltage step-up while the voltage divider
and the oscilloscope are used for the measurement and the
voltage control.
drive different RF-electrodes16. In this article we show
that these small resonators can be effectively used to trap
ions, while dissipating a negligible amount of RF-power.
The resonator described here reached a voltage step-up
as high as 100 at low temperature.
II. OVERVIEW OF THE EXPERIMENT
An overview of the experiment is shown in Fig. 1.
The RF voltage source is a commercial function gen-
2erator (Thurlby Thandar Instruments TG 4001 ), with
an output impedance of 50Ω. The RF signal is ap-
plied, via coaxial cables, to the resonator - and then
to the trap - inside the cryostat (ARS CS210S-GMX-
20 ). The transmission line is composed of three different
types of coaxial cables and two types of RF connector.
The first cable is a standard copper-core RG-58. The
second cable (Lakeshore SS-32 ) is made from steel for
thermal decoupling from the room-temperature part of
the setup to the cryogenic-temperature part. The steel’s
relatively high resistance accounts for a measured atten-
uation of 3.2 dB for frequencies of about 10MHz. More-
over, the cable characteristic impedance is 40Ω and it
is not well-matched to the rest of the transmission line.
However, the calculated return loss due to this mismatch
is negligible (∼ 0.1%). The last cable is a very thin
and flexible coaxial cable (Samtec MH081 ). The core
material is silver-plated copper and the characteristic
impedance is 50Ω. The first connector is the coaxial
feedthrough (Accu-Glass 25D-5CX2-450 ), mounted on
the outer shroud of the cryostat, while the second is an
array of microdot straight connectors (Tyco Electronics
141-0001-0001 and 142-0000-0001 ), anchored on the 5K
copper shield. The microdot connectors showed excellent
performance at low temperature, even after several cool-
ing cycles. After this coaxial transmission line the RF
voltage is applied – through soldered connections – to
a PCB board, where gold-plated pogo-pins are soldered
(Mill-Max 0929-0-15-20-75-14-11-0 ). It was decided to
use these connectors in order to have the possibility to
easily interchange the last part of the circuit, where the
resonator and the trap are, without major changes to the
setup.
The exchangeable part of the circuit is the matched
RLC resonator with the ion trap. The matching circuit
(part [2] in Fig. 1(b)) is a simple “L-section” network17,
because the resonator is meant to be driven within a
narrow range of frequencies. The series RLC resonator
(Fig. 1(b) [3]) is actually composed of only an inductor
and the trap capacitance, but an effective resistance must
be used in the model to take into account any dissipation
in the resonator. The value of this effective resistance
influences the quality of the resonator, so keeping it as
low as possible is one of the main concerns. The trap is
a planar surface trap, with an ion-electrode distance of
454µm and a distance between electrodes of 20µm. It
is photolithographically patterned, depositing, by means
of e-beam evaporation, 2 nm of Ti (adhesive layer) and
300 nm of Au on a substrate of SiO2 (500µm).
The last two blocks in the schematic (Fig. 1(b) [4] and
[5]) are the capacitive divider and an oscilloscope (Tek-
tronix TDS 2004B). These are used to measure and con-
trol the voltage at the resonator’s output. The purpose of
the capacitive divider is to increase the input impedance
of the measurement device (in this case the oscilloscope
plus the transmission line) and to make the capacitance
of this “probe” independent of the length of the coaxial
cable. The divider is connected in parallel to the trap; for
this reason its capacitance has to be taken into account
when calculating the resonator’s characteristics.
III. CIRCUIT ANALYSIS
In this section the non-commercial parts (matching
network, resonator and capacitive divider) will be de-
scribed; the motivations for their necessity and the equa-
tions for their characterization are discussed.
A. Matching network
Since the impedance of the resonator at resonance is,
in general, different from the impedance of the trans-
mission line, in order to reduce reflections of power it is
necessary to add a matching network to the circuit. As
for the voltage-amplifying circuit, low power consump-
tion and cryogenic-compatible components constrain the
matching network to be passive.
The obvious choice for an easily customizable single-
frequency passive matching network is the “L-section” (a
voltage divider built with two reactive components). At
resonance the impedance of the resonator will be purely
real and, usually, smaller than 50Ω. This means that
the first matching reactance - seen from the resonator’s
point of view - has to be connected in series. The second
component has to be an opposite reactance (a capacitor,
if the first was an inductor, or vice-versa) connected in
parallel. In both of these two possible configurations, the
resonator and the trap do not have a DC path to ground
because of the capacitor. In order to remove any DC
bias voltage and reduce the low-frequency noise on the
RF trap electrodes, which could perturb the ions, a DC
path to ground should be provided.
On a closer analysis, the role of the first (series) re-
actance is simply to shift the resonance frequency un-
til the impedance of the resonator (which is frequency-
dependent) can be matched with just a parallel compo-
nent. An alternative matching, thus, can be achieved
operating the resonator at a frequency - usually differ-
ent from the resonance - where its impedance can be
matched with only one parallel reactance. The two fre-
quencies where matching with one parallel reactance is
possible are denoted here as ωL (low) and ωH (high). The
matching at these two frequencies can be accomplished
with an inductor or a capacitor, respectively. If this re-
actance (M1 in Fig. 1(b)) is inductive, then the DC path
to ground is ensured. A second impedance can then be
added (M2) in series for fine-tuning the matching, with-
out interrupting the DC path.
In Fig. 2 the resonator’s impedance is plotted as a
function of the frequency (continuous green line). It can
be shown that the frequency ωL and the matching reac-
tance Xm can be expressed as
ωL = ω0
√
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Figure 2. Smith chart of the resonator’s impedance as a
function of the frequency (continuous green line, frequency
increasing clockwise). The two frequencies where matching
with one parallel reactance is possible are marked as ωL (low)
and ωH (high). The matching can be accomplished with an
inductor or a capacitor, respectively.
Xm(ωL) =
Zs√
α
(2)
where Zs is the RF source’s impedance, ω0 is the res-
onator’s resonant frequency, Q = ω0L/R is the res-
onator’s quality factor and α = ZsR − 1. From an experi-
mental point of view, it is easier to find ωL and Xm(ωL)
by measuring the resonator’s impedance with a network
analyzer.
It is important to understand that matching away of
resonance ω0 does not compromise the voltage gain given
by the resonance enhancement. However, there is an im-
portant, unavoidable, drawback connected to the match-
ing: if only reactive components are used in the net-
work, and power conservation holds (which means that
the quality factor of the matching circuitQM ≫ Q), these
circuits have to satisfy a strict relation between voltage
transformation and impedance transformation. Since we
want to match the resonator with an inductor, the match-
ing quality factor QM has the same order of magnitude
as Q. This means that the overall quality factor will be
reduced, by as much as a factor of 2. Nonetheless the
following analysis still holds.
Treating the matching network as a two-port device,
power conservation requires
|Vin2/Zin| = |Pin| = |Pout| = |Vout2/Zout| (3)
(with Vin/out being the voltage and Zin/out the impedance
seen from their respective port) or, equivalently,
k := |Vout/Vin| =
√
|Zout/Zin| . (4)
In all the relevant cases for resonators driving ion traps,
where |Zout| < 50Ω, k is smaller than 1. This means
that, when the resonator is matched, the voltage at its
input is reduced by a factor proportional to the square
root of its impedance. This factor reduces the overall
voltage gain given by the resonator; for this reason the
matching network must be taken into account in the res-
onator design.
B. RLC resonator
1. Resonator analysis
The RLC resonator is the part of the circuit where the
voltage step-up takes place. It is a voltage divider made
of an inductor and a capacitor. The resistance is an ef-
fective one and it is used to model the power dissipations
of realistic components. The input impedance is easy to
calculate and can be written as
Z(ω) = R+ iωL− i
ωC
= R
[
1 + iQ
(
ω
ω0
− ω0
ω
)]
(5)
where ω0 = 1/
√
LC is the resonator’s resonant frequency
and Q = ω0L/R is the resonator’s quality factor. On
resonance Z is purely real and equal to R, which, for the
relevant cases, is less than 50Ω.
At resonance, an unmatched resonator has a voltage
gain (the value of the transfer function on resonance)
which is equal to the quality factor Q. However, when
a matching network is added, the overall (matching and
resonator) voltage gain changes by a factor k, as defined
in Eq. 4. The voltage gain near the resonance is
GV (ω) ≃ kQ∣∣∣1 + iQ2
(
ω
ωL
− ωLω
)∣∣∣ . (6)
The above equation holds if the frequency dependence of
the matching network is negligible with respect to the fre-
quency dependence of the resonator’s impedance. Match-
ing with a parallel reactance satisfies this condition. The
peak gain appears on resonance, and it is given by
GV (ω0) ≃ kQ =
√
ω0LQ
Zs
. (7)
2. Quality factor Q measurement
To fully characterize a resonator, it is important to
measure its quality factor Q. Measuring ω0 is also im-
portant, but trivial. Thinking of the matched resonator
as a circuit with one input port and one output port, it
is possible to measure the quality factor Q from either
port, independently. From Eq. 6 it is possible to show
that Q can be measured, at the output port, as
Q =
ω0
∆ω
= 2
ω0
∆ωV
. (8)
Here ∆ωV is the measured −3 dB full-width voltage gain
bandwidth (referenced to the function generator voltage
source), which is twice the voltage gain bandwidth ∆ω,
referenced from the input of the bare RLC resonator.
On the other hand, using a network analyzer at the
input port, it is possible to measure the scattering pa-
rameter S as a function of frequency17. If the resonator
4were to be matched with a transformer, its impedance
would become
ZM(ω) = Zs
[
1 + iQ
(
ω
ω0
− ω0
ω
)]
(9)
and the scattering parameter could be calculated as
|S| =
∣∣∣∣ZM(ω)− ZsZM(ω) + Zs
∣∣∣∣ =
Q
2
(
ω
ω0
− ω0ω
)
∣∣∣1 + iQ2
(
ω
ω0
− ω0ω
)∣∣∣ . (10)
From this equation, it is possible to find that the 1/
√
2
full-width S-bandwidth (∆ωS) can be used to measure
the quality factor, using the formula
Q = 2
ω0
∆ωS
. (11)
If different kinds of matching are used, ZM(ω) takes dif-
ferent shapes, and it is not possible to find a generally
valid expression. However, as long as the frequency de-
pendence of the matching components is negligible, Eqs.
10 and 11 continue to be valid (replacing ω0 with ωL).
3. Voltage gain optimization
As mentioned in Sec. I, ion traps need relatively high
RF voltages. To achieve this goal without dissipating too
much RF power it is necessary to have a high voltage gain
in the resonator. If the transmission line’s characteristic
impedance Zs and the operating frequency ω0 are fixed,
it is obvious from Eq. 7 that the gain can be improved
by increasing the values of L and Q.
Note that in the chosen model the effective resistance
is completely attributed to the inductor. This is justified
by the fact that the quality factors of commercial capac-
itors are one or two orders of magnitude higher than the
quality factors of commercial inductors. In this situation,
the general equation for the quality factor of two series
component Q−1 = Q−1L +Q
−1
C reduces to Q ≃ QL.
Both of the important characteristics to enhance, QL
and L, are usually reported on inductors’ datasheets, and
are limited as follows:
- QL is limited by the resistance of the conducting
material. This resistance is increased by several ef-
fects, like the skin effect, the proximity effect17 and
the induced eddy currents in dissipative materials
coupled to the inductor. A way to increase QL is
to use good conducting materials and big wire di-
ameters;
- L is limited mainly by the parasitic capacitance
of the inductor, which introduces a lower bound
for the operating frequency. This problem can be
reduced by using bigger coils with larger spacing
between the windings.
C. Capacitive divider
A capacitive divider is a voltage divider made with
two capacitors. In this circuit its purpose is to increase
the input impedance of the measuring apparatus, includ-
ing the transmission line, in order not to affect the res-
onator during the measurements. Choosing D1 ≪ D2
and (ωD1)−1 ≫ 50Ω (with reference to Fig. 1(b)), the
impedance seen from the resonator is dominated by the
impedance of the first capacitor. In this way it does not
depend on the length of the transmission line nor the in-
put impedance of the oscilloscope, and the measurement
instrumentation can be disconnected without affecting
the resonator. The transmission line is connected in par-
allel to D2. The transmission line impedance adds a
frequency-dependence to the divider’s voltage transfor-
mation if the relation (ωD2)−1 ≪ 50Ω is not fulfilled (as
in our experiment).
IV. EXPERIMENTAL RESULTS
The circuit testing was done in two steps. The first
was the calibration and testing of the capacitive di-
vider. Here, the choice for a temperature-stable and high
quality-factor capacitor led to the use of SMD capacitors
with mica dielectric, manufactured by Cornell Dubilier
Electronics. With reference to Fig. 1(b), D1 was chosen
to be 5 pF (part no. MC08CD050D-F), while D2 was
chosen to be 1 nF (part no. MC22FD102J-F), so that
the voltage transformation ratio was roughly 200. The
divider was calibrated at room and cryogenic tempera-
tures, proving in this way the capacitors’ reliability at
low temperature. The measurement of the voltage trans-
formation ratio did not show any significant change with
the temperature; however, the measured uncertainty be-
tween different realizations of the divider was 6% (due
to the uncertainty in the capacitances), leading to a sys-
tematic error of the same value in the measured voltage
after the divider.
The second part of the testing was done with the com-
plete circuit. Fig. 3 shows a picture of the resonator pro-
totype, with the matching network, the capacitive divider
and the ion trap in the center. The trap is bonded us-
ing 25µm-thick gold wires and an ultrasonic wire-bonder.
The circuit is built on a stack of three layers of FR-4
printed circuit boards (PCB). This material was used for
quick development: at low temperature the outgassing
rate is low enough to allow trapping of ions. In the cir-
cuit, the RF line and the DC lines (for the segmented
electrodes) are kept apart, in order to reduce the RF
coupling and noise. The resonator and the capacitive di-
vider are placed on two opposite sides of the trap’s RF
electrode, to measure the trap voltage and to check the
continuity of the line at the same time.
The trap capacitance, calculated with finite element
software, is Ctrap ≃ 1 pF. The actual value was not mea-
sured. Several inductors for the resonator were tested.
51cm
Main inductor (L)
Matching
circuit
Planar surface
ion trap
Capacitive
divider
Figure 3. Final trap-driving circuit prototype. The matched
resonator is on the left, the gold-plated planar surface trap
is in the center and the capacitive divider on the right. The
trap is bound with 25µm-gold wires. The prototyping circuit
was built on a stack of three FR-4 PCB layers.
Inductors with cores other than air were limited by dis-
sipation in the core or by cryogenic compatibility is-
sues. The best results for high quality factors were ob-
tained with an air-core inductor manually wound using
a copper-coated NbTi wire (Supercon Inc. 54S43 insu-
lated diameter 0.279mm, superconducting critical tem-
perature TC = 9.2K). As stated before, high L values
are limited by the parasitic capacitance in conflict with
the required small volume. The physical dimensioning of
the inductor can be carried out using some inductance-
calculator software18 or formulae19–21. In the final de-
sign the inductor has a measured inductance of 45µH at
7.56MHz. The inductor’s diameter and length are 20mm
each. The coil is mechanically stabilized with an epoxy
matrix (Emerson & Cuming Stycast 2850 FT ). Since the
superconducting material is copper-coated NbTi, the su-
perconducting critical temperature is 9.2K, above the
usual minimum working temperature of the cryostat of
this experiment (< 6K). The same superconducting ca-
ble was used to wind the matching inductor M1. M2
is a ceramic variable capacitor with range 12 − 100 pF
(Johanson Manufacturing 9328 ).
With the circuit mounted inside the cryostat, at room
temperature, the matching was tuned by changing M2
while checking the scattering parameter S on the input
port of the circuit. Closing the vacuum chamber the
impedances changed slightly, resulting in a residual re-
flection S = 0.027. The measured resonance frequency
was ω0 = 2pi · 7.43MHz, with a voltage gain GV = 41± 2
and a measured quality factor Q = 52± 1.
For the cryogenic testing, the temperature was mea-
sured on the copper of the trap carrier and in the char-
coal of the cryo-pump using two silicon diode tempera-
ture sensors (Lakeshore DT-670-SD-1.4L). The two mea-
surements agreed within 0.5K. Supported by subsequent
measurements, we estimate that when the temperature
sensors read 6K, the coil temperature is around 9K. Both
the gain and the quality factor were measured as a func-
tion of the trap carrier’s temperature. The results are
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Figure 4. Temperature dependence of the voltage gain GV
and quality factor Q of the trap-drive resonator. The error
bounds for the voltage gain show a a systematic uncertainty
due to the capacitive divider uncertainty, while the instru-
mental uncertainty is smaller than the line thickness. The
error bounds for the quality factor depend on the network an-
alyzer’s frequency resolution. The temperature is measured
on the copper of the trap carrier.
reported in Fig. 4.
The plots of the quality factor Q and voltage gain
GV increase with decreasing temperature, showing an
improvement of the resonator at low temperature. At
T = 5.7K (measured at the sensor), the quality factor
was Q = 700±30, one order of magnitude higher than at
room temperature. Similarly, the gain was GV = 101± 6
at 5.7K, more than twice the gain at room temperature.
During the test the resonance frequency showed a small
change, moving from 7.43MHz at 300K to 7.641MHz at
5.7K. The scattering parameter S changed from 0.027 to
0.57. This is due to the small effective resistance, which
at low temperature was 10 times lower than at room tem-
perature. The matching, which was achieved at 300K,
was no longer good at 5.7K.
The voltage gain does not show any evident enhance-
ment when the superconducting-transition temperature
is passed. Moreover, a similar realization of the RLC
resonator with an inductor built winding an enameled
copper wire showed comparable GV and Q.
After the characterization, this circuit was used to suc-
cessfully trap single 40Ca+ ions. The output voltage from
the function generator was as low as 1.35V which means
that the efforts spent to increase the voltage gain enabled
trapping of ions using only 18mW of RF power.
V. CONCLUSIONS
In conclusion, this article reports the investigation and
experimental realization of a lumped component radio-
frequency (HF band) resonator used to drive a planar
surface ion trap. In contrast to bulky helical resonators,
6this class of circuits is compact and easily reproducible.
Moreover, using tunable components it is possible to
change the resonant frequency without major changes in
the circuit.
With a carefully built inductor, voltage gains as high
as 100 are achievable at low temperature, and trapping
of ions can be achieved with a very small amount of RF
power (18mW for an ion-electrode distance of 454µm).
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